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fwo comdonent, laminar boundary laysrs on a surfac® with

zero pressure gradient, including the effecuis of variable proo-

grties, are studied. Hydrogen is injected from the stationary,

porous flat jlave into a free struam of nitrogen or carbon

de., ihe oartial Jdifferential cgueations describing tae

(o

diox
velocivy, conceniration and lemperature distvributions are first

trenzformed into

[

oval differential equations then into integral
forms which can be solved numerically on an e2lectronic digitcal

computer. The two situations treated are thne constant wall temper-

ature and the adiasbatic wall. The Mach numbers considered are -

. ‘ e 020
O, 4, 8 and 12, the free s.ream temdpsrature t_ ranges from 213°K
> *

0, . L - .
to 1110 K and tne wall temperature tvo frece stream temperaturs

ratio T = Lw/tm rangzs from 0.5 to 4, In addition to velocity,

concentration and temosrature >rofiles, the neat transfer and

skin friction ar¢ also obtainsd. Tne final results are presented

in simd>lifi¢d curves which are useful for design calculations
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INTHODUCTIOR

The effectiveness of mass transfer cooling for osrovecting

surfaces moving at hign velocity through tne earth’s atmosphere

3

is well established, A considerable number of analyticel and

experimental studies of this process nave been undertaken and

accordingly it is now »o0ssible to predict with reasonable
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nsfer and skin friction associated witn tns
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mass transfer cooling of & body moving tnrough the air environ-

etv

ment. If the main stream is not air but soms other gas such as

ot

nitrogen or carbon dioxide, taers is some doubt as to the direct
apolicaebility of the available results. Since we eXpect To en-
countsr such non-air environments waen eniering the atmospheres
of other planets such as Mars or Venus ic 1s imporvant ta8t we

£

carry out sertinent analytvicel and exXperimenctal studles. Wictn

tals goal in mind, the presens analyitical study assumes tne Iree

Cr

stream to be either nitirogen or carbon dioxids and the iInjected
gas to be hydrogen; the geometry 1s taken to be a flat olate.
Such a flat plate is a simple meaningful geometry from which we
can get considerable physical insight into the details of thae

mass transfer cooling process,

ANALYTICAL FOAMULAIION

The formulation of tne problem 1s straightforward. TIhs well
wnown boundary layer eguations eXpressing conservation of mass,

momentum, species and energy are transformed from partial differ-
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ential ¢quations into ordinary different
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following restirictions have been imposed: (1) tae flow is sLeady

and laminar (2) radiation, thermal diffusion and diffusion tnhermo

effects are neglected (3) no dissociation occurs.

propertics of the binary gas
of the local temperaturs and
specific heat of the mixture

gas laws wnhile the transjporsg

LThe pihysical
mixture are¢ assumed to be functions
concentration; tne density and

are assumed to be given by thne ideal

terms (i.e, viscosity, thermal con-

ductivity and ordinary diffusion coefficient) are calculated by

the mixture laws of gef.1.

are given in Ref . 2.

Complete details on the propsrties

Ine transformed egquations taxke the following form:

Momentum: [ (

Diffusion: (§~)’ + bcf(%—) =0

Cc C
. T 3)-& w,’\PkT’
i . /+ Jua) . . + —
Energy: (—/—) Pr > (QCf D10 50)(3 )
“ 8 u
Prm P £, .2
== (y_ -1) ¥ L = 0
-1 i)

P u




I'ne boundary conditions become:

For n = O:
£’ =0
prvw
f = fw = - o u Rex’& = constant
W = W = constant
W
T =T = constant or ==) = 0
W on
W
FOI".’] ™
lim £’ = 2
1imW =0
1lim T =1

I'ne first boundary condition at the wall (£’ = o) expresses
the no-slip condition; the second expression brings out the facti
that the normal velocity at the surface must either be z;ro or i
must vary l/\/gg; if we are to have a system of ordinary differ-
ential equations (i.e. if f is to be a function of n only). The
actual magnitude of the dimensionless mass transfer rate fwsmay
be arbitrarily selected (within the limitations of boundary layer
theory) or alternatively we can select the magnitude of the wali
mass fraction. These two quantitiss -~ the mass flow of the-

injected coolant and the wall mass fraction - are not independent

but are related by the eXpression:




This relationship results from the condition that thers is no net
flow of the main stream gas through the plate surface., In view of
this restriction we can select either the wall mass fraction or tae

blowing rate but not both.

Finally the thermal boundary conditions correspond to the
two cases studied: (1) The constant wall temperature (2) The
recovery temperature case®, [he governing equations were trans-
formed into integral equations for the unknown velocity, mass
fraction and temperature distribution taking into account tne
boundary conditions. The resulting equations were solved by
successive approximation., Initial velocity, concentration and
temoerature profiles were used to obtain new profiles and the

orocedure was repeated until the equations were satisfied

I'he calculations were carrisd out for both the hydrogen-
hitrogen and the hydrogen-carbon dioxide binary boundary iayers.
The range of Mach number and wall and free stream températurus
covered are shown in Tables I and II. 1In all cases the wall mass
fraction was asllowed to take on values of 0, 0.1, 0.2, 0.4 and

0.6; in the constant wall temperature cases of Table I a wall

concentration of 0.8 was also studied

*As used herein the recovery temperature is defined as that temoecraturc
corresponding to a zero temjerature gradient at the wall




RESULIS

Only representative results will be presented here; readers

interested in complete details are referred to Ref.2.

Typical boundary layer, temperature, mass fraction and velocity

profiles are shown in FPigs. 1l and 2, PFig.l-A represents the boundary
layer profiles for a hydrogen-nitrogen mixture at M = 0 (no
-]
. : = - o ;
dissipation), Tu = 6, t = 218" K. The temperature within the
i3 o= -

boundary layer is always lower than the wall temperature, so that
the boundary layer is cooling the wall, The tempsrature gradient

is reduced with increasing wall mass fraction Ww. This result is

to be expected as a gas with finite heat capacity is being injected
at the wall temperature., The thermal boﬁndary 1a§;r thickness 1is
obviously increased by increasing WK. Fig.1l-B shows a similar
result for a hydrogen-carbon dioxide mixture undsr the same condi-
tion as in Fig.1-4; the thickness of the boundary layer of hydrogen-

nitrogen mixture is less than that of hydrogen-carbon dioxide,

Fig.2-A represents the boundary layer profiles for hydrogen-‘
nitrogen mixture at M= 12, Tw = 6, v = 218°K. For each blowing
rate, there is a maximum temperature within the boundary layer.
This maximum temperature is reduced and moved away from the wall
with increasing wall mass fraction ww (1.e. increasing blowing

rate), 80 that less and less heat is flowing to the wall from ths

fluid. Fig.2-B shows & similar result for a hydrogen-carbon
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dioxide mixture under the same conditions as in Pig.2-A. It is
found that at the same blowlng rate, the maximum temperaturs

within the boundary layer of the hydrogen-nitrogen mixture is always

ot

higher than that of the hydrogen-carbon dicxide mixture. 4s in the
zero Mach number case, it was found that the boundary layer is

thicker for the hydrogen-carbon dioxide mixture at

conclusion applies to all other constant wall tem es
well. From Figs.,l and 2, one can see that the maximum temperature
and the tnickness of the boundary layer are increased with increased

free stream Mach number. -

Normalized® skin friction coefficients, Cf/cfo heat transfer
q/qo and recovery temperaturcs were obtained as a8 function of either

the wall concentration or alternatively the blowing rate. *

The dimensionless skin friction coefficient cf/c was found

fo
to be relatively insensitive to all parameters except the wall

mass fraction, in all cases decreasing with increasing mass fraction.
Figure 3 shows a summary of all the skin friction results for both

mixtures and it can be seen that the dashed line represents all

+ __0
results with an accuracy of better than — 15 /.

The dimensionless heat transfer, q/qo is not as well behaved

as the skin friction coefficient. For example at low mass transfer

*The subscript o corresponds to the solid wall case undsr the same

free streem conditions with the solid wall at the same temperature
as the mass transfer cooled wall.
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rates (i1.e. at low values of the wall mass fraction) the heat
transfer for the carbon dioxide may actually increase with the
injection of hydrogen; tnis results from the fact that the thermal
conductivity of the mixture increases with the injection of hydro-
gen and at low injection rates this can be the dominant factor.
The normalized neai transfer, q/qo, may not onl)
greater than unity, but may actually go to zero or change sign.
This occurs if the selected value of the wall temperaturs is close
to the recovery temperature, If the wall temperature is greater
than the recovery temperature, heat flows from the wall tvo the
fluid and correspondingly if the wall temperature is less than

the recovery value, heat will flow to the wall, Figure L shows
an extreme example of this behavior; here it may be seen that the
heat flow goes to zero for the hydrogen-carbon dioxide binary
system at ww = 0.07 for a Mach number of L when the free stream

is SSSO and the wall is at 11100 K. 7This corresponds to the

recovery condition as is ,brought in Figure 5-B below.

The recovery temperatures are given in Figures 5-A and 5-B
As anticipated, the influence of mass transfer (i.e. increasing
the wall mass fraciion) is to decrease the recovery temperature,.
It is also clear that the recovery temperature 1s mdch higher in
the hydrogen-nitrogen boundary layer than in the hydrogen-carbon

dioxide case, This can be explained by noting that the recovery

temperature is given by the following formulation:
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tL= ot drly, - 1) 5 ¢

@

The recovery factor is approximately the same for both mixtures;
however, the value of Y for the low molecular weight gas nitrogen
is higher than that of the carbon monoxide. Therefore we expect
the recavery temperature of the hydrogen-nitrogen system tc be

higher,

GENERALIZED PRESENTATION OF RESULTS

It has proven possible to represent all of the analytical
results on six cur&es, Pigs.t, 7, 8. For each binary gas system
Cf/Cfo’ St/Sto agd r/r0 are shown as functions of the dimensionless
blowing parametéf‘fw/vezl The Chapman-Rubesin parameter C* is
evaluated at the Eckert reference temperature., This same.represen-
tation had earlier proven successful when the free stream gas was
air (Ref.3). To apply these curves it is clearly necéssary to know
the solid wall values (i.é, Cro Sto and ro). Detailed inspection
of the zero blowing situation has demonstrated that the Eckert
reference temperature method is applicable when the free stream is
gither carbon dioxide or nitrogen.(Ref . ). To apply this method

we evalusate all properties at the 1reference temperature

t # =1t + 050 (¢ -1t ) +0.22 (¢ -t ).
o o W o ro @




The skin friction coefficient Cfo’ the Stanton number, Sto
and recovery factor r are then determined from the following

relations:

= f
Cfo = 0.66&/\_u5x/v*

c /2 St = {Prﬁ) 2/3

o fo}
r = yPr*
o}
2
t =t +r u /2C =
ro @ c ® D

The use of the reference temperature msthod combined with Figures
6, 7 and 8 will yield values of skin friction coefficient, Stanton
number asnd recovery factor which are sufficiently accurate for most

engineering purposes,
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NOMENCLATURE

hapman-Rubesin parameter, pguZ/ P u
@ m

local skin friction coefficient

pecific heat at constant pressure
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recovery factor

o
temperature, K

, cal/gm-°K

velocity component narallel to surface, cm/sec

velocity component normal to surface, cm/sec

.

coordinate along the body
coordinate normal to the body
diffusion coefficient, cmz/sec
temperature ratio, t/t_

mass fraction of foreign gas
Mach number

Prandtl number

Schmidt number

reference temperature (see text)
specific heat ratio
dimensionless wall distancs
dynamic viscosity, gm/cm-sec
kinematic viscosity, cmz/sec

density, gm,-’cm3

normalized mixture thermal capacity (CP/Cp )




®12 normalized purs-component thermal capacity differencs
“

(€5176,2)/¢,,
2y normalized mixturc thermal conductivity (k/Ke)
o normalized mixturs density (p/pm)
@l normalized mixture viscosity (u/ue)

Rex - Reynolds number (pwumx/uo)

h heat transfer coefficient

Subscrints

w evaluated at wall conditions

r refers to recovery conditions outside the boundary layer
0 at solid surface

) nefers to free stream conditions

sSuoserscerinst

* Evaluated at reference temperaturs




CONSTANT WALL

TABIE I SEMPERATURE TABLE II RECOVERY
%
M t %k 1= 2 M v °x
® o W tm = ®

0 218 2 N 218
0 218 & 4 555
0 1110 0.5 L 1110
L 218 2 8 218
L 218 & 8 555
L 555 1 12 218
L 555 2

[T 555 3

N 1110 0.5

8 218 2

8 218 £

8 555 1

8 555 2 )

8 555 3
12 218 2
12 218 6
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